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a  b  s  t  r  a  c  t
The  behaviour  of magnesium  electrodes  has  been  investigated  in  3.5%  NaCl  during  free corrosion  and
potentiodynamic  polarizations.  The  usual  electrochemical  measurements  were  complemented  with  real-
time direct  measurement  of the amount  of hydrogen  evolved  and  real-time  optical  imaging  of  the
electrode  surface.  It was  found  that  the  anodic  reaction  of magnesium  oxidation  results  in the  generation
of dark  regions  on  the  surface  of the  electrode  and  such  regions  are  efﬁcient  in  supporting  the  cathodic
reaction  (hydrogen  evolution).  Further,  compared  to  the  behaviour  observed  at the  free  corrosion  poten-
tial, the  dark  regions  propagated  signiﬁcantly  faster  during  anodic  potentiodynamic  polarization  and  did
not propagate  signiﬁcantly  during  cathodic  potentiodynamic  polarization.  The ﬁndings  indicate  that  the
negative  difference  effect is due  to  an increase  in  cathodic  current  during  anodic  polarization  resulting
from  the  modiﬁcation  of  the  electrode  surface  after  the anodic  reaction  has  occurred.  Additionally,  the
real-time measurement  of the  amount  of  hydrogen  evolved  enabled  a direct  estimation  of the  corrosionydrogen evolution current.  Thus,  the  actual  value  of the  corrosion  current  could  be compared  to the  values  of  corrosion
current  estimated  by potentiodynamic  polarization.  It was  found  that  anodic  polarization  provides  little
information  on  the  corrosion  rate,  whereas  cathodic  polarization  provides  a more  accurate  estimation.
Finally,  it  is  suggested  that  the corrosion  rate  on  magnesium  is controlled  by  the  rate  of the  cathodic
reaction.  Such  reaction  is self-limiting  on magnesium  since  it produces  alkalinity  and  alkalinity  promotes
passivity.
©  20 .. Introduction
Magnesium and its alloys are used in a variety of applications
anging from structural applications [1–3] to sacriﬁcial anodes
4–7] and batteries [8–10]. For these applications, the electrochem-
cal behaviour is critical since it determines either the efﬁciency or
he corrosion resistance. Interestingly, magnesium displays an elec-
rochemical behaviour that is substantially different to that typical
f most metals since the so called ‘negative difference effect’ is
bserved. The negative difference effect is evident when a mag-
esium electrode is anodically polarized; it is observed that the
ate of hydrogen evolution increases with increasing anodic polar-
zation. This behaviour is different from that observed on most
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other metal electrodes, where generally the rate of the cathodic
reaction (hydrogen evolution) decreases when an anodic polariza-
tion is applied. The negative difference effect has been abundantly
reported in the literature [11–16] and two mechanisms have been
proposed to provide a fundamental explanation of the experi-
mental observations. The ﬁrst mechanism [12,17,18] is based on
the idea that unipolar magnesium ions are generated during the
anodic polarization and that such unipolar ions enter into the elec-
trolyte and reduce water, forming hydrogen gas and hydroxide ions.
Thus, increasing the oxidation rate of magnesium by applying an
anodic polarization increases the rate of hydrogen evolved since it
increases the rate at which unipolar magnesium ions enter into the
electrolyte. This argument is indirectly supported by the observa-
tion that, for a given applied anodic charge, the hydrogen evolved
and the metal oxidized are in excess to those expected under the
assumption that magnesium oxidizes to Mg2+ in a single step. An
alternative explanation is based on the concept that the hydro-
Open access under CC BY-NC-ND license.gen evolution is purely cathodic and that the cathodic activity of
the magnesium electrode increases as the applied anodic poten-
tial increases [19–21]; thus, the anodic current measured by the
external circuit is lower than the anodic current generated at the
cense.
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lectrode surface by magnesium oxidation, because part of this
urrent is consumed by the cathodic reaction of hydrogen evo-
ution occurring directly on the electrode surface. Although also
his mechanism is capable of accommodating the experimental
vidences relative to the hydrogen measurement and weight loss,
t has been debated the reason why the cathodic activity should
ncrease with increasing anodic polarization.
Recently, Frankel et al. [15] have investigated the effect in detail,
y performing a series of anodic galvanostatic experiments cou-
led with the measurement of the amount of hydrogen evolved.
hey found that the rate of H2 generation increases with increasing
g dissolution rate and that the ratio between the applied anodic
harge and the amount of hydrogen evolved depends on the value of
he applied current density. They considered the latter observation
s a disproof of the existence of unipositive magnesium ions, with
he argument that, if the hydrogen evolution was  due to unipositive
agnesium ions being generated during the anodic polarization,
he ratio between the charge and the volume of hydrogen evolved
hould be constant, regardless of the applied current. They there-
ore suggested that the increase in the hydrogen evolution rate
ith increasing anodic polarization is due to an increase in the
ydrogen exchange current as consequence of the applied anodic
otential. More precisely, they proposed that the catalytic activity
or hydrogen evolution increases with increasing dissolution rate
f magnesium.
Wiliams et al. [16,19] used a substantially different approach,
ut obtained similar conclusions. In particular they applied the
canning vibrating electrode technique (SVET) to the investigation
f the current distribution on a magnesium electrode during anodic
alvanostatic polarization. They found that the cathodic area, sup-
orting hydrogen evolution, increases as the applied anodic current
ncreases, resulting in increase of magnesium atoms oxidized per
nit of charge. In agreement with Frankel et al., they concluded
hat the formation of unipolar magnesium ions was unlikely and
hey suggested that the increase in the active cathodic area dur-
ng anodic polarization is the fundamental mechanism generating
he negative difference effect. They also indicated that the cor-
oded areas on the electrode surface appear dark, and on the dark
reas most, if not all, the cathodic current and hydrogen evolution
ocalizes.
Taheri et al. [22] investigated the physical origin of the previ-
us observations by conducting transmission electron microscopy
n lamellae prepared by focused ion beam extracted from the dark
egions present on magnesium electrodes after anodic polarization.
hey found that the ﬁlm on the dark regions consists of an outer
agnesium oxide/hydroxide layer and of an inner layer formed
redominantly by magnesium oxide. Interestingly, they pointed
ut that iron-rich nanoparticles are found in the outer layer and
hey suggested that the presence of such particle might be respon-
ible for the enhanced catalytic activity for hydrogen evolution on
he dark regions.
In the present work, the hydrogen evolved from the magnesium
lectrode surface is measured in real time during free corrosion and
uring anodic and cathodic potentiodynamic polarization simul-
aneously with the images of the corroding surface. Based on the
xperimental evidences gathered and in agreement with the con-
lusions of Frankel et al., Wiliams et al. and Taheri et al., the reaction
f hydrogen evolution will be treated in this work as a purely
athodic process.
. ExperimentalAll the experiment were performed on pure magnesium
99.95 wt.%) specimens in 3.5 wt.% NaCl electrolyte. The experimen-
al setup is schematically presented in Fig. 1a. The usual 3 electrodeta 120 (2014) 284–292 285
cell conﬁguration was employed, with the magnesium specimen as
the working electrode, a graphite rod as counter electrode and a sat-
urated calomel electrode as reference. The potentiostat used was
an Ivium Vertex. Potentiodynamic polarizations were performed at
a scan rate of 1 mV  s−1.
Before proceeding with the series of electrochemical mea-
surements, attempts were made to identify a reliable method to
estimate (and correct for) the IR drop. Impedance spectra were
acquired at different values of anodic potentiostatic polarization
in order to estimate the solution resistance from the modulus of
the impedance measured at high frequency. The results of such
procedure were inconclusive are not reported in detail here. How-
ever, it was generally found that the measured solution resistance
was generally poorly reproducible and appeared to increase with
applied anodic potential but also to be dependent on the value of
potential, on the polarization time and on the previous polarization
history. This is probably due to the complex interaction between
the screening effect due to the vigorous hydrogen evolution (and
variable bubble size as a function of potential or current) and to
the possible formation of gels as a result of the local pH increase.
For the above reasons, all the electrochemical results presented in
this work are not corrected for the IR drop. Incidentally, it is noted
that not being able to reliably correct for the IR drop is unfortunate
because, if one could reliably polarize one magnesium electrode
well above the thermodynamic potential of hydrogen evolution, it
would be possible to identify immediately if hydrogen evolution is a
cathodic process or the result of the generation of unipolar magne-
sium. In the ﬁrst case, polarization above the equilibrium potential
for hydrogen evolution should result in the cessation of hydrogen
evolution whilst, in the second case, hydrogen evolution should be
observed at any anodic potentials.
The images of the corroding surface were acquired every two
seconds with a low-magniﬁcation USB microscope (Maplin). An in-
house-developed Labview based program was used to evaluate the
area of the dark regions. The colour images of the corroding sur-
face were initially converted to grayscale, and then binarized by
applying a manual threshold (Fig. 1b). From the binarized images,
the area of the dark regions was estimated. The accuracy of the
procedure is limited by variations in illumination between experi-
ments and by the manual selection of the threshold value. Sources
of spikes in the curves are attributed to time variations in the illu-
mination of the electrode, for example due to people walking in
proximity of the experimental setup.
A method for the real-time measurement of gas evolution dur-
ing electrochemical reactions was recently introduced by Lebuouil
et al. [21], based on the automated analysis of digitally acquired
images of a bubble-containing electrolyte ﬂowing in a microﬂu-
idic system. The method is not ideal for corrosion studies, due to
its relative complexity and to the limitation in the dimensions of
the electrode. In this work, accurate measurement of the hydro-
gen evolution in real time was  obtained by a new method based
on the simple measurement of the hydrostatic force resulting from
the accumulation of hydrogen in a submerged container (Fig. 1a).
The magnesium electrode was  mounted below a plastic cylinder
completely immersed in the test solution. The cylinder was open
at the bottom, to allow collection of the hydrogen bubbles, and
closed at the top, to contain the evolved hydrogen. The electrode
was positioned such as all the bubbles evolved were collected
by the cylinder placed above. Immediately after immersion, all
the air present in the cylinder was removed by using a curved
plastic tube connected to a syringe. The cylinder and the elec-
trode were mounted on a support that was placed on a precision
laboratory balance (Ohaus Galaxy 160D, resolution 0.1 mg). With
this arrangement, when hydrogen evolves from the electrode sur-
face, it is collected by the above cylinder. Due to the hydrostatic
force, the weight of the cylinder, holder and electrode decreases
286 M. Curioni / Electrochimica Acta 120 (2014) 284–292
Fig. 1. a) Schematic representation of the experimental setup for potentiodynamic polarization, real-rime measurement of the amount of evolved hydrogen and real-time
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ecquisition of the images of the corroding surface. b) Left: colour image of the cor
inarized image of the corroding surface. The area of the white regions on the right i
urface  (left image).
roportionally to the volume of hydrogen evolved. In order to
ecord the time evolution of the weight, a webcam (Microsoft Life-
am) was placed in front of the scale and by an in-house developed
oftware the images of the balance LCD monitor were converted
o numerical values. It should be noted that it is important that
he electrode is weighted together with the cylinder in order to
etect immediately the hydrogen bubbles that stick to the elec-
rode. Given that one mole of an ideal gas occupies 24.46 litres at
oom temperature, considering the density of the electrolyte (1 Kg
−1), if completely collected, the evolution of 1 mole of hydrogen
ould produce a hydrostatic force of 24.46 Kg. By using Faraday’s
aw, and considering that 2 moles of electrons are needed to pro-
uce one mole of hydrogen, it can be calculated that a current of
 mA  produces a weight variation of 126 g s−1 or 7.6 mg  min−1.
he weight variations are easily detected by using the laboratory
cale and the overall precision of the method is several orders of
agnitude higher than the approach based on hydrogen collection
n an electrolyte ﬁlled cylinder and visual observation of the elec-
rolyte level, common in corrosion studies [15,23,24]. It is noted
hat the error introduced by ignoring the weight loss or gain due
o metal oxidation or precipitation of corrosion product on the
lectrode is irrelevant, since the molar weight of magnesium or surface, centre: image of the corroding surface converted in greyscale and right:
is used to estimate quantitatively the extension of the dark regions on the corroding
magnesium oxide is about 3 orders of magnitude lower than the
hydrostatic force generated by the development of one mole of
hydrogen. Vibrations and electrolyte movement due to hydrogen
evolution are the sources of the noise in the presented curves.
3. Results
3.1. Behaviour at the free corrosion potential.
The corrosion behaviour of magnesium electrodes in 3.5% NaCl
solution was initially studied at the corrosion potential. Fig. 2
presents the time evolution of the current associated to the hydro-
gen evolved during free corrosion for two experiments performed
under nominally identical condition. Shortly after immersion, the
current density estimated from the amount of hydrogen evolved
was in the region of 0.1 mA cm−2 for both experiments and pro-
gressively increased to approximately 2 mA cm−2 after 4000 s of
immersion. After 4000 s, the current was steady in one experi-
ment, in the region of 2 mA  cm−2, and progressively increased for
the other, to a value close to 8 mA  cm−2 after 8000seconds. The
difference in the values of corrosion current measured during the
two experiments performed under nominally identical conditions
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Fig. 2. Time evolution of the current calculated from the amount of evolved hydro-
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aen during free corrosion of two magnesium electrodes (labelled A and B) in 3.5%
aCl. The two  curves are obtained for two experiments performed under nominally
dentical conditions.
ndicates that the behaviour of magnesium electrodes during free
orrosion is not perfectly reproducible.
In Fig. 3, the surface appearance of the two electrodes during
orrosion for 8000 s at the open circuit potential is presented. The
urface appearance progressively changed from silvery to dark, as
 result of the corrosion process, with hydrogen evolution being
bserved mainly from the dark regions. This observation suggests
hat the silvery regions are protected by the chloride-free air-
ormed oxide present on the specimen surface before immersion in
he aggressive electrolyte. On the other hand, in the dark regions,
he originally present air-formed oxide has been replaced by a
hloride-containing hydroxide layer generated in the wet environ-
ent; within speciﬁc locations in these black areas, the anodic and
athodic reaction occur and corrosion can proceed [16,22]. Due to
he oxide solubility in neutral environment and to the effect of chlo-
ides, all the silvery regions are progressively converted to dark
egions.The time evolution of the area ratio between the dark regions
nd the total electrode surface is presented in Fig. 4. It is clearly
vident that, after an initiation stage of about 1000seconds, the
ropagation of the dark regions followed a quasi linear behaviour
ig. 3. Time evolution of the surface appearance of the two freely corroding magnesium 
fter  immersion, right: after 8000 s of immersion. Time spacing between images: 1000 s.Fig. 4. Time evolution of the ratio between the area of the dark regions and the
nominal electrode area for the two freely corroding electrodes (labelled A and B).
between 1000 and 5000 s. Subsequently the rate of propagation
decreased, due to the merging of the various propagation fronts.
After immersion for 8000 s, the electrodes surfaces were almost
completely dark.
Although the behaviour was similar for both experiments, it was
not completely identical. The explanation for such lack of repro-
ducibility can be found considering the images of the corroding
surfaces. It is evident that, even assuming that the propagation
front of all the dark regions proceeds at constant rate, the number of
initiation points and their relative location has an effect on the over-
all propagation; in some cases two propagation fronts can merge,
reducing the overall rate of propagation of the dark regions. The
corrosion current obtained by hydrogen evolution measurement
can be normalized by the extension of the dark regions (Fig. 5). It is
evident that the normalized corrosion current density is relatively
high during the early stages and sharply decreases during the ﬁrst
2000-4000seconds, to achieve a plateau level after 4-6000seconds.
When normalized by the area of the dark regions, the difference in
behaviour between the electrodes during the ﬁrst 4000seconds is
signiﬁcantly reduced.
From the previous observations, it appears that on the silvery
regions corrosion has not yet taken place in a signiﬁcant man-
ner while, on the dark regions, corrosion is occurring or it has
electrodes (labelled A and B) used to acquire the curves of Fig. 2. Left, immediately
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Fig. 5. Time evolution of the corrosion current normalized by the area of the dark
regions for the two freely corroding electrodes (labelled A and B).
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aabelled D) polarization curves for magnesium electrodes immersed in 3.5% NaCl
fter 900 s of free corrosion. Grey line: current measured from the electrical circuit,
lack line: current calculated from the hydrogen evolved.
reviously occurred. Thus, it can be assumed that, during the early
tages, all the dark regions actively corrode but subsequently, given
hat the current density normalized by the area of the dark regions
ecreases with time, it is possible that some of the black regions
ight partially repassivate and corrosion occurs predominantly
here a silvery region has recently been converted to a dark region.
t a later stage, when the entire electrode surface appears dark,
orrosion on the dark regions might either attain a dynamic equi-
ibrium and progress in a relatively uniform manner, or it might
ocalize and progressively propagate on the electrode surface.
.2. Behaviour during potentiodynamic polarization.
Potentiodynamic polarizations and simultaneous measurement
f hydrogen evolution were performed in order to gain further
nsight into the corrosion behaviour of magnesium. The potentio-
ynamic polarizations of Fig. 6 (anodic or cathodic) were obtained
rom two electrodes in two separate experiments. One electrode
labelled C) was used to obtain the anodic curve and another elec-
rode (labelled D) was used to obtain the cathodic curve. Both
nodic and cathodic polarizations were initiated at the corrosionta 120 (2014) 284–292
potential, after immersion for 900 s in the 3.5% NaCl electrolyte. It
should be noted that, after 900 s of immersion at the open circuit
potential, the dark regions were estimated to cover approximately
3% of the surface of the electrode used for the anodic polarization
and 1% of the electrode surface used for the cathodic polarization.
These values are only indicative, due to the impossibility to deter-
mine precisely the error in the estimation of the area due to the
image analysis procedure. However, it is important to point out
that both anodic and cathodic polarizations were performed on
electrodes with a small portion (<5%) of the surface covered by
dark regions and a large portion of the surface (>95%) displaying
a silvery appearance.
The cathodic polarization curve displayed a maximum close
to -2.310 V (SCE), followed by a minimum located at -2.650 V
(SCE). At potentials below -2.800 V (SCE), a substantial increase
in the cathodic current was  observed. Given that the equilib-
rium potential for magnesium oxidation is -2.614 V SCE under
standard conditions (concentration of 1 mol  l−1 of Mg2+ ions in
the electrolyte), the sharp current increase below -2.800 V can be
rationalized considering that well below the equilibrium potential
for magnesium oxidation, the magnesium oxide is not thermo-
dynamically stable. Thus, if a defect develops in the oxide and
the underlying metal is exposed to the electrolyte, the exposed
metal does not oxidize because the potential is too low. As a con-
sequence, there is direct contact between electrolyte and metal,
and the rate of hydrogen evolution is higher compared to regions
where an oxide/hydroxide layer is present between the metal and
the electrolyte. Further decrease of the potential promotes the sta-
bilization of regions of direct contact between metal and electrolyte
and therefore a further increase of the cathodic current is observed.
Based on this interpretation, it is likely that, also at higher poten-
tials, if at one site the metal is directly exposed to the electrolyte
(for example during or shortly after the occurrence of the anodic
reaction), that site would actively support hydrogen evolution.
During cathodic polarization, the current calculated from hydro-
gen evolution overlapped perfectly with the current measured
by the electrical circuit. Given that the cathodic currents are in
the same range of the anodic currents, the overlapping behaviour
immediately conﬁrms that the sensitivity and resolution of the
proposed setup for the measurement of the evolved hydrogen is
adequate to perform real-time measurement both in the anodic
and cathodic side. Additionally, the overlap between the current
associated to the evolved hydrogen and the cathodic current mea-
sured by the external circuit indicates that, for an electrode with
only a small percentage of surface covered by dark regions, the rate
of the anodic reaction during the cathodic polarization is negligi-
ble. If the anodic reaction proceeded at a signiﬁcant rate during
cathodic polarization, the current measured by the external cir-
cuit would be lower than the cathodic current associated to the
hydrogen evolution.
During anodic polarization, initially, the current rapidly
increased with increasing potential and, subsequently, increased
at a reduced rate. The reduction in the rate of current increase
with potential is due to the increase in the IR drop in proximity
of the electrode surface, due to electrode screening associated with
the hydrogen bubbles and possible formation of gels. During the
anodic scan, the current calculated from hydrogen evolution was
generally lower than the current measured by the electrical circuit.
However, the shape of the curves of current obtained by hydrogen
measurement or measured by the electrical circuit were closely
similar.
In Fig. 7, the time evolution of the ratio between the area of the
dark regions and the nominal area of the electrode during free cor-
rosion (electrode A), anodic polarization (electrode C) and cathodic
polarization (electrode D) is presented. During cathodic polariza-
tion the propagation of the dark regions was  signiﬁcantly slower
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Fig. 7. Time evolution of the ratio between the area of the dark regions and the
nominal area of the electrode during free corrosion (electrode labelled A), anodic
polarization (electrode labelled C) and cathodic polarization (electrode labelled D).
-3.5 -3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0. 0 0.5 1.0
-100
-50
0
50
100
150
200
250
 Current  cal cul ated from evo lved  hydroge n
 Current mea sured from the  elec tri cal ci rcui t
 Ano dic current  resul ting  in Mg oxidation
C
ur
re
nt
 D
en
si
ty
 / 
m
A 
cm
-2
Poten tial / V (S CE)
C
D
Fig. 8. Potentiodynamic polarization curves for magnesium electrodes (C and D)
immersed in 3.5% NaCl after 900 s of free corrosion. The curve labelled as IAnodic
accounts for the current associated to the oxidation of magnesium and has been
calculated by adding the (absolute value of the) current associated with hydro-
g
p
t
p
c
t
t
t
p
t
v
e
e
(
s
r
c
T
r
Fig. 9. (a) Time evolution of the (applied) potential and (b) of the absolute value of
the  currents measured from the electrical circuit and from hydrogen evolution inen  evolution to the current measured from the electrical circuit during the anodic
olarization.
han under free corrosion conditions. Conversely, during anodic
olarization, the dark regions propagated faster than under free
orrosion conditions. Consequently, it can be concluded that the
ransition from silvery to black is induced by the occurrence of
he anodic reaction, since increasing the rate of the cathodic reac-
ion (i.e. by applying a cathodic polarization) does not result in the
ropagation of the dark regions. Additionally, it is conﬁrmed that
he anodic activity during cathodic polarization on a mostly sil-
ery electrode, is minimal or absent: the current measured by the
xternal circuit coincides with the current measured by hydrogen
volution and, in agreement, the propagation of the dark regions
indicative of anodic activity) does not occur.
Fig. 8 presents the same polarization curves of Fig. 5 in linear
cale. In order to draw the line associated to the ‘real’ anodic cur-
ent associated to the oxidation of magnesium atoms, the current
alculated from hydrogen evolution has been assumed cathodic.
he ratio between the ‘real’ anodic current and the anodic cur-
ent measured by the electrical circuit was found to decrease with3.5% NaCl after 8000 s of immersion (completely dark surface). The experiment has
been performed on the electrode labelled B in Figs. 2–5.
increasing anodic polarization, between 1.75 and 1.58 at low and
high potentials respectively.
The electrode labelled as B in Figs. 2–5, after free corrosion
for 8000 s, was  polarized according to the potential-time regime
illustrated in Fig. 9a. The regime applied to the (completely dark)
electrode involved an initial period of free corrosion, an anodic
polarization, a period of free corrosion, a cathodic polarization, a
period of free corrosion and ﬁnally a single polarization from -2.2 V
SCE (cathodic) to -1.3 V SCE (anodic). The resulting time evolution
of the absolute value of current (measured by the circuit) and the
current calculated from hydrogen evolution is presented in Fig. 9b.
The rationale behind this procedure is i) to polarize a completely
dark electrode where the all the relatively protective air-formed
oxide has been converted in less protective chloride-containing
oxide/hydroxide, ii) to evaluate the corrosion current by direct
hydrogen measurement at the corrosion potential before any polar-
ization is initiated and to compare such value with the polarization
curves and iii) to evaluate the effect of the polarization history on
the potentiodynamic curves (from the electrical measurement) and
on the corrosion rate (from hydrogen measurement).
The application of the anodic polarization did not signiﬁcantly
affect the value of the corrosion current, that was in the region
of 8.8 mA  cm−2 before and after the ﬁrst polarization and in the
region of 4.2 mA cm−2 before and after the third polarization. On
the contrary, the application of a cathodic polarization resulted in
a sharp reduction of the corrosion current (0.3 mA cm−2) immedi-
ately after the cathodic polarization was  interrupted, followed by
a progressive recovery to the value of 4 mA cm−2, similar to the
value recorded before polarization. It should be noted that the pro-
gressive decrease of the corrosion current during the relatively long
experiment of Fig. 8 is probably due to the alkalinisation of the elec-
trolyte, occurring in all conditions, i.e. during anodic and cathodic
polarization, and during free corrosion.
In Fig. 10, the results of the previous experiment are presented
on a logarithmic current scale, omitting the values of corrosion
current recorded during the free corrosion periods. Here, three
polarization measurements are overlapped, (1) from the corro-
sion potential towards the anodic direction, (2) from the corrosion
potential towards the cathodic direction, and (3) from below the
corrosion potential to above the corrosion potential. Before the
initiation of the ﬁrst anodic polarization, the corrosion current mea-
sured by hydrogen evolution was  in the region of 8.8 mA  cm−2
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Fig. 10. Potentiodynamic polarization curves obtained from the data presented in
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Fig. 11. Comparison between the potentiodynamic behaviours recorded on a com-
oxide, naturally formed during the exposure of the metal to air.ig. 9 (electrode B).
Fig. 9b). During the ﬁrst anodic polarization (Fig. 10, curve 1),
he current associated to hydrogen evolution was initially in large
xcess compared to the current measured by the external circuit in
roximity of the corrosion potential, but the two curves converged
s the potential increased. Similarly, for the cathodic polarization
nitiated at the corrosion potential (Fig. 10, curve 2), close to the
orrosion potential, the current associated to hydrogen evolution
as in large excess compared to the current measured by the elec-
rical circuit. As the value of cathodic polarization increased, the
urrent associated to hydrogen evolution approached the current
easured by the electrical circuit. This behaviour differs signiﬁ-
antly from the behaviour observed in Fig. 6, where the cathodic
urrents estimated by hydrogen evolution and directly measured
y the external circuit overlapped. The difference is due to the fact
hat, in Fig. 10, the cathodic polarization is performed on a com-
letely dark electrode (where corrosion is well initiated and the
nodic activity is substantial), while the cathodic polarization of
ig. 6 is performed on an electrode where the dark areas only cover
 very small portion of the electrode and, thus, the anodic activity
s signiﬁcantly lower.
Importantly, a minimum in the current associated to the hydro-
en evolution was observed for curve 3 at the open circuit potential
i.e. when the direction of current measured during the polariza-
ion changed). Such minimum in current was signiﬁcantly lower
han the minimum in current observed during the previous two
olarizations (1 and 2), which were separated by a period of free
orrosion at the open circuit potential.
Given that the corrosion current can be directly measured before
nd after each polarization, it is possible to empirically consider
hich of the polarization experiments provides some indication
n the actual value of corrosion current. Although this is a purely
mpirical observation and further work would be required to eval-
ate if such observation is correct on other systems or conditions,
t appears that Tafel extrapolation from the cathodic polarization
nitiated at the corrosion potential provides a reasonably close esti-
ation of the corrosion current. If one performs such extrapolation
dashed line in Fig. 10), the estimated value of corrosion current is
.6 mA  cm−2, relatively close to the values of 7 and 4.2 mA cm−2
before and after the polarization respectively) revealed by direct
ydrogen measurement. On the other hand, the corrosion current
hat could be estimated with a similar method applied to the curves
btained by initiating the polarization well below the corrosion
otential would be substantially underestimated.pletely dark electrode (electrode B) and on electrodes where only a small part of the
electrode (<5%) is dark (electrodes C and D). a) Current measured by the electrical
circuit and b) current calculated from the hydrogen evolved.
The behaviour presented in Fig. 9 curves 1 and 2 signiﬁcantly
differs from the behaviour presented in Fig. 6. This is due to the
fact that the polarizations of Fig. 9 are obtained on a completely
dark electrode, while the polarizations of Fig. 6 are obtained on a
mostly silvery electrode. Fig. 11 presents the two behaviours over-
lapped. Considering the currents measured by the electrical circuit,
it is evident that the anodic behaviour is closely similar, while a
signiﬁcant difference is observed in the cathodic behaviour. Inter-
estingly, if the current calculated from the evolved hydrogen is
considered instead of the current measured by the electrical cir-
cuit, (Fig. 11b) signiﬁcant differences become evident in the two
anodic behaviours. In particular, the current associated to hydro-
gen evolution during the anodic branch is signiﬁcantly higher for
the completely dark electrode.
4. Discussion
4.1. The negative difference effect
The magnesium electrode is initially covered by a protectiveWhen immersed in the chloride-containing environment, such
oxide can chemically dissolve in the quasi-neutral environment;
as a result, corrosion is initiated at some location. After corrosion
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as initiated on one region, the air formed oxide is replaced by
 chloride-containing oxide/hydroxide layer which might contain
ron-rich nanoparticles [22]. At these locations, the surface appears
ark and hydrogen evolution is observed [16,22].
In agreement with the ﬁndings in [22], the propagation rate of
he dark regions is faster during anodic polarization compared to
ree corrosion conditions (Fig. 7). On the contrary, during cathodic
olarization the propagation rate of the dark regions is signiﬁcantly
lower compared to the free corrosion condition. This conﬁrms the
dea [16,22] that the anodic reaction is responsible for the transi-
ion from silvery to dark. It is also evident that the dark regions
re signiﬁcantly more effective than the silvery regions in sup-
orting the cathodic reaction of hydrogen evolution (Fig. 11), as
uggested previously [16,22]. There is no direct evidence that all
he dark regions equally support the cathodic reaction at all times
ut, overall, the rate of the cathodic reactions increases as the area
f the dark regions increases (Fig. 11). From these observations,
t can be conﬁrmed that the occurrence of the anodic reaction
that can be accelerated by applying an anodic polarization) results
n the generation of dark regions and, consequently, in increased
athodic activity. This effect is responsible for the so called ‘neg-
tive difference effect’. From the electrochemical viewpoint, as
reviously suggested [15,22], such effect can be rationalized as
he result of an increase in the overall exchange current density
or hydrogen evolution, as consequence of local activation of the
athodic sites. However, based on the observation presented here,
his concept can be reﬁned. On a partially passive and partially
ctive electrode, the overall hydrogen evolution exchange current
ensity can be thought as the product of the area of the regions
hat actively support the cathodic reaction by a constant theo-
etical value of exchange current density, referring to the current
ensity for hydrogen evolution for an electrode where the entire
urface actively supports the reaction [25]. Considering that the
xchange current for hydrogen evolution on the dark regions might
e orders of magnitude higher than on the silvery regions, the over-
ll exchange current might increase of several orders of magnitude
s a result of the initiation and propagation of the dark regions over
he entire electrode surface.
From a phenomenological viewpoint, the behaviour observed
n a fresh (silvery) electrode can be explained as follows. Ini-
ially, the magnesium surface is covered by a partially protective,
hloride free, air-formed oxide. Such oxide is relatively soluble in
eutral environment and, at some location, dissolution combined
ith chloride penetration will result in the local generation of a
ess-protective, chloride-containing oxide/hydroxide layer, possi-
ly containing nanoparticles rich in noble elements [22]. At this
ocation, both anodic and cathodic reaction can proceed at a sig-
iﬁcantly higher rate compared to the less active silvery regions.
verall, the occurrence of such reaction results in local alkalinisa-
ion, since the pH increase due to hydrogen evolution dominates
n the pH decrease due to generation of magnesium ions and sub-
equent hydrolysis [16]. At this point, a pH gradient is generated,
igh on the dark regions and decreasing towards the silvery regions
hat are not corroding and therefore are exposed to a pH close to
hat of the bulk solution. As a consequence, rather than progres-
ing perpendicularly to the original electrode surface, which would
esult in a further increase in local pH over the newly-formed dark
egions, the corrosion attack progresses horizontally since the pH
n the silvery regions is lower than the pH on the dark regions. This
esults in the observed propagation of the dark regions during free
orrosion and during anodic polarization. As a result of the local
lkalinisation behind the corrosion front, it is possible that some
f the dark regions repassivate and do not support any more sub-
tantial cathodic activity, or that a dynamic equilibrium is attained,
here the alkalinisation due to hydrogen evolution induces partial
assivation and indirectly controls the rate of the anodic reaction. Inta 120 (2014) 284–292 291
all cases, after the anodic reaction has occurred for the ﬁrst time on
a particular region of the electrode surface, the cathodic activity of
that region increases. As previously suggested [15,16,20,22], dur-
ing anodic polarization, the propagation rate of the dark regions
increases with increasing potential, thereby the cathodic activity
increases with increasing potential, originating the ‘negative dif-
ference effect’.
During cathodic polarization, the propagation rate of the dark
regions is dramatically reduced because, if a black region nucleates
at a particular location, the availability of electrons provided by the
external circuit (rather than from the anodic reaction on that elec-
trode) results in immediate local alkalinisation, re-passivation of
that region and protection of the silvery regions in close proximity.
The behaviour of a completely dark electrode can be explained
by considering that after the ‘ﬁrst pass’ either a dynamic equilib-
rium is attained and anodic and cathodic activities are distributed
relatively homogeneously on the electrode surface, or instabili-
ties in the pH distribution re-initiate the process described for
the fresh electrode, with the difference that the ‘second pass’ of
corrosion cannot be readily detected by optical methods and the
chloride-containing oxide/hydroxide layer is generally less protec-
tive compared to the air formed oxide initially present.
It also is noticed that the comparison of the anodic behaviour,
both in terms of electrical response and in terms of hydrogen
evolved, between the completely dark electrode and the electrode
with only a small portion of the area covered by dark regions indi-
cates that the hydrogen evolved during free corrosion and anodic
polarization of magnesium is due to a cathodic reaction and not
to formation of univalent magnesium ions and subsequent water
reduction, as proposed in other works [12,17,18]. If hydrogen evo-
lution was  due to the formation of univalent magnesium ions and
therefore it was  the direct consequence of the anodic process, it
would be difﬁcult, if not impossible, to accommodate the evidence
that substantially different hydrogen evolution rates are observed
for almost perfectly overlapping electrical response obtained dur-
ing anodic polarizations on dark and silvery electrodes (Fig. 11).
Further, it appears evident that the negative difference effect is
more substantial for the specimen with only little coverage of
dark regions; the current estimated from the hydrogen evolved
increases of more than 2 orders of magnitude from the corrosion
potential to -1 V SCE for the mostly silvery electrode but, for the
completely dark electrode, the increase in hydrogen current is only
by a factor of 4 in the same potential range.
4.2. Corrosion behaviour
The method presented here, based on the measurement of the
hydrostatic force generated by the hydrogen evolved during cor-
rosion clearly enables to investigate with unprecedented precision
the corrosion behaviour of magnesium. By using this method, it
is possible to evaluate in real-time the corrosion current during
corrosion at the open circuit potential, during potentiodynamic
polarization or during the application of any other electrochemical
method. Given that the corrosion current can be measured directly,
it becomes possible to compare between the corrosion rate esti-
mated by electrochemical methods and the corrosion rate directly
measured by hydrogen evolution. Although the present work has
not focused on these particular aspects, some preliminary observa-
tions and conclusions can be made.
It appears evident that anodic potentiodynamic polarization
does not provide information that relates directly to the corro-
sion rate of the electrode. This is suggested by the observation that,
when performing a potentiodynamic polarization on a mostly sil-
very electrode that supports a corrosion current of the order of
0.1 mA cm−2, a curve that is almost identical to that produced by
performing the same test on a completely dark electrode (Fig. 11),
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upporting a corrosion current of the order of 10 mA  cm−2, is
bserved. On the other hand, a cathodic potentiodynamic polar-
zation initiated at the corrosion potential appears to discriminate
etter between the two different conditions, with Tafel extrapo-
ation of the linear region to the corrosion potential providing a
alue of corrosion current of the right order of magnitude (Fig. 10).
urther work is required to conﬁrm or otherwise this suggestion.
mportantly, potentiodynamic polarization initiated from below
he corrosion potential and terminated above the corrosion poten-
ial produces a substantial underestimation of value of corrosion
urrent (Figs. 9 and 10).
From the potentiodynamic results, it can be concluded that the
ontrolling step for the corrosion of magnesium is the rate of hydro-
en evolution on the dark regions. Such reaction is self-limiting
ince, as the hydrogen evolution increases, also the local alkalini-
ation increases, and this induces passivity which, in turn, reduces
he rate of hydrogen evolution. This is supported by the observation
hat the corrosion current (at the corrosion potential) measured
rom the hydrogen evolved is lower during a potentiodynamic
olarization performed initiated below the corrosion potential,
ompared to what it is observed during free corrosion or in the
arly stages of a cathodic potentiodynamic polarization initiated
t the corrosion potential (Fig. 10). This can only be rationalized
onsidering that, when the corrosion potential is approached from
he cathodic direction, an excess of alkalinity is present in proximity
f the electrode surface compared to the free corrosion condition.
uch excess of alkalinity results in partial passivation of the elec-
rode with consequent decrease in the hydrogen evolved at the
orrosion potential. This excess of alkalinity and induced passivity
lso has an effect on the anodic behaviour, since the anodic currents
in a region close to the corrosion potential) are lower than those
ecorded when the anodic potentiodynamic polarization is initi-
ted at the corrosion potential. This analysis is also conﬁrmed by
he observation of a transient drop in the corrosion current imme-
iately after termination of the cathodic polarization (Fig. 9).
At the corrosion potential, the dynamic equilibrium between
ydrogen evolution, alkalinisation and partial passivation is
mmediately attained on the dark regions. When an anodic poten-
iodynamic polarization is applied to the electrode, the active
ark regions expand but they immediately attain the equilibrium
etween hydrogen evolution, alkalinisation and partial passivation.
hus, the current measured by the external circuit only accounts for
he propagation behaviour and it is not affected by the initial value
f the area of the active regions (Fig. 11).
. Conclusions
The behaviour of magnesium electrodes during free corrosion
nd during potentiodynamic polarization was investigated by real
ime measurement of the amount of hydrogen evolved and imag-
ng of the corroding surface. It was found that the occurrence of
he anodic reaction results in the formation of dark regions that
rogressively propagate and replace the initially silvery electrode
[
[
[
[ta 120 (2014) 284–292
surface. The dark regions support substantially higher cathodic
activity compared to the silvery regions. Anodic polarization results
in increased propagation rate of the dark regions and therefore
in increased cathodic activity. This effect is responsible for the
observed increase in the hydrogen evolution rate with increasing
anodic polarization (negative difference effect). Direct compari-
son between the corrosion current measured from the hydrogen
evolved and the electrical behaviour observed during potentiody-
namic polarization suggests that the corrosion rate on a magnesium
electrode is controlled by the alkalinisation induced by the cathodic
reaction. Finally, it has been empirically observed that, for the sys-
tem examined, Tafel extrapolation to the corrosion potential of the
linear region of a cathodic potentiodynamic polarization initiated
at the corrosion potential might provide an acceptable estimation
of the corrosion current.
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